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Abstract
Implanted medical devices are prone to infection. Designing new strategies to reduce infec-
tion and implant rejection are an important challenge for modern medicine. To this end, in
the last few years many hydrogels have been designed as matrices for antimicrobial mole-
cules destined to fight frequent infection found in moist environments like the oral cavity. In
this study, two types of original hydrogels containing the antimicrobial peptide Cateslytin
have been designed. The first hydrogel is based on alginate modified with catechol moieties
(AC gel). The choice of these catechol functional groups which derive from mussel’s cate-
chol originates from their strong adhesion properties on various surfaces. The second type
of gel we tested is a mixture of alginate catechol and thiol-terminated Pluronic (AC/Plu-
bisSH), a polymer derived from Pluronic, a well-known biocompatible polymer. This Plu-
bisSH polymer has been chosen for its capacity to enhance the cohesion of the
composition. These two gels offer new clinical uses, as they can be injected and jellify in a
few minutes. Moreover, we show these gels strongly adhere to implant surfaces and gin-
giva. Once gelled, they demonstrate a high level of rheological properties and stability. In
particular, the dissipative energy of the (AC/PlubisSH) gel detachment reaches a high value
on gingiva (10 J.m-2) and on titanium alloys (4 J.m-2), conferring a strong mechanical barrier.
Moreover, the Cateslytin peptide in hydrogels exhibited potent antimicrobial activities
against P. gingivalis, where a strong inhibition of bacterial metabolic activity and viability
was observed, indicating reduced virulence. Gel biocompatibility tests indicate no signs of
toxicity. In conclusion, these new hydrogels could be ideal candidates in the prevention
and/or management of periimplant diseases.
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Introduction
Biohydrogels have been developed in medicine for a broad scope of therapeutic applications.
They are currently used for the release of biomacromolecules or drugs [1], for wound healing,
or as a barrier for contact lenses or ocular surface injuries [2, 3]. Some of these gels have an
intrinsic antimicrobial activity (like chitosan-based gels [4]), but more often drugs are added in
the gel in order to enhance microbial activity [5]. Antibiotics are frequently introduced in the
gels for prevention or treatment of infections. The properties of these gels allow release of ther-
apeutic agents [6]. AntiMicrobial Peptides (AMPs) represent one type of antimicrobial agents
that can be used to fight infections without the disadvantages of more conventional antibiotics,
which may cause gastrointestinal or allergic reactions, or produce antibiotic-resistant bacterial
strains. AMPs are natural molecules, which are part of the innate immune response and pos-
sess anti-inflammatory, antibacterial, antiviral and even anticancer activities [7, 8]. One such
agent is human Cateslytin (CTL), the active sequence of Catestatin (CgA352-372) and corre-
sponding to the sequence CgA352-366 (RSMRLSFRARGYGFR). Catestatin, is a naturally occur-
ring potent inhibitor (IC50 200–400 nM) of catecholamine release, acting at the nicotinic
cholinergic receptor [9]. This peptide also displays potent vasodepressor activity and appears
to diminish early in the course of development of hypertension [10]. CTL is the active core
sequence and displays highest nicotinic antagonism of catecholamine secretion [9]. CTL is also
able to activate histamine release [11] and displays potent antimicrobial activities in the low
micromolar range against bacteria, fungi, yeasts and Plasmodium [12, 13]. Time-lapse video
microscopy showed arrest of fungal growth upon penetration of the rhodaminated peptide
into a fungal filament [12]. Cateslytin was also identified in the stimulated secretions of human
polymorphonuclear neutrophils [12]. All together, these properties show that CTL is a novel
component of innate immunity.
In recent years, the efficiency of films functionalized with various AMPs has been tested. In
particular, these coatings can be constructed using polyelectrolyte multilayer films [14–16].
Gels combining such molecules are promising solutions for coating a number of medical
devices destined for human implantation [17]. A hyaluronic acid-based gel mixed with genta-
mycin has been assessed in rabbit and mouse models for its ability to limit postoperative infec-
tion following total joint arthroplasty [18]. Antibacterial wound gels can be applied to catheters
used in peritoneal dialysis to prevent infection [19]. In oral implantology, bacteria are present
in dental plaque and along with in the microgap between implant and prosthesis screws on
implants. Specific pathogenic bacteria such as Porphyromonas gingivalis (Pg) can secrete viru-
lent factors towards marginal gingiva, leading to periimplantitis. This chronic inflammation is
characterized by a gingival inflammation and associated periimplant bone destruction [20].
Local or systemic antibiotic therapies are not able to decontaminate theses spaces [21] and may
promote resistance and further impair treatment options. Sealing gels have been proposed to
limit microleakage along the microgap of the connection, but their bioactivity is mainly based
on chlorhexidine whose effects are limited in time, undergoing degradation in oral conditions
[22–25].
Recently, catechol-based gels, inspired from the strong adhesive properties of mussel on
mineral, metal and wood surfaces, have been developed for medical use [26], and represent
compatible biohydrogels ideal for a moist environment like oral cavity. Catechol functional
groups can be grafted on chitosan or alginate backbone, to form an alginate-chitosan or an algi-
nate-catechol (AC) gel. Thiol-terminated Pluronic (PlubisSH) have been recently added to
chitosan/catechol or hyaluronic acid/catechol polymers in order to enhance mechanical prop-
erties [27, 28]. However, these gels were built without any functionalization agent, like antibi-
otic or AMP.
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Hence, we decided to develop a new injectable, adhesive and antimicrobial gel that could be
employed on medical titanium surfaces, especially in area between dental implants and pros-
thesis. Alginate-Catechol/PlubisSH gels functionalized with the antimicrobial peptide CTL
have been assessed in this study for their promising properties.
Materials and Methods
Materials
Alginate (medium viscosity), Pluronic F-127, NaIO4, NaOH, PBS, were purchased from
Sigma-Aldrich. CTL was obtained from Proteogenix (France). A 1 cm diameter biomedical
Ti6Al4V bar was procured from ACNIS International Society (France). The bar was cut in sev-
eral discs (1 cm diameter/1 cm thick), then polished using silicon carbide papers from ESCIL
(France) with a decreasing grain-size (600, 800, 1200, 1600, 2000, 2400, 4000).
Syntheses of AC and PlubisSH
Catechol-modified alginate (AC) and thiol-terminated Pluronic F-127 (PlubisSH) were pre-
pared according to recently reported procedures (S1 Fig) [27, 28]. The degree of catechol sub-
stitution for AC was 15% and the degree of thiolation for PlubisSH was 65%.
Hydrogels fabrication
We prepared two types of gels: alginate-catechol 1% (AC) and AC 0.5% / Pluronic bisSH18%
(AC/PlubisSH). For the preparation of the first type of gel, we dissolved AC powder in a PBS
solution at pH 7.4 at a 1% final concentration. For the preparation of the second gel, we
employed two polymer stock solutions (1% AC and 36% PlubisSH) that were mixed at a 1:1
ratio, in order to obtain the final concentration of the composite mixture. Both solutions were
freshly prepared before experimentations and were stored at 4°C before use.
To form the gels, AC 1% solution and AC 0.5% / PlubisSH 18% solution have to be mixed
with the oxidation solution at a 4:1 ratio. This oxidation solution was freshly prepared by com-
bining sodium periodate (NaIO4) at 1 mg.mL
-1 in PBS with a solution of NaOH (0.4 M in PBS)
at a 4:1 ratio. The final mixture with AC/PlubisSH solutions and oxidation solution turned
light brown and gelled in 2 minutes at 37°C. The 4:1 ratio was selected because it corresponds
to a NaIO4 concentration known to be non-toxic [29].
Peptides-hydrogels preparation
Hydrogels containing a final concentration of 200 μM of CTL peptides were prepared. 20 μL of
peptides stock solution (500 μM) in PBS were added to 80 μL of AC solution or to 80 μL of the
AC/PlubisSH mixture solution described above (40 μL of AC and 40 μL of PlubisSH). Then,
28 μL of oxidation solution were introduced and homogenized to initiate the gelation reaction.
The resulting hydrogels were incubated at 37°C for 17h in a humidified incubator. For the con-
trol gel (gel without CTL), PBS was used to replace peptides.
Sol-gel transition phase diagram. The sol-gel phase transition diagrams for AC/Plu-
bisSH, (with and without oxidation solution) were determined using a vial- tilting method. For
this, each solution of hydrogel mixture was prepared in a 2 mL test tube and the temperature
was gradually increased with an increment of 1°C. The phase transition temperature was deter-
mined once no fluidity was observed after 5 minutes. At each temperature point, samples were
equilibrated at least 5 minutes. Mixtures without NaIO4 /NaOH were used as a control.
Monitoring in vitro hydrogels mass erosion and swelling. In vitro hydrogel stability was
evaluated by monitoring the mass erosion rate under physiological conditions. 1 mL of each
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hydrogel was prepared in test tubes and incubated at 37°C overnight for thermal stabilization.
Then, 1 mL of PBS (pH 7.4) was added to the hydrogel and the tube was incubated at 37°C.
After defined time intervals, the supernatant was removed and the weights of the remaining
solid hydrogels were measured. All samples were triplicated.
Rheological evaluation
Rheological properties of hydrogels were monitored using a rotating rheometer (Thermo
Haake Rheowin Rheometer RS-100, Fisher Scientific, France) equipped with a temperature
controller. The solid-like behavior (elastic modulus, G’) and liquid-like behavior (viscous mod-
ulus, G”) were recorded using two 30 mm parallel plates. 5 mL of hydrogel were applied on one
plate to form a thickness of 5 mm.
We used a frequency 1 Hz to capture the gelation time for 15 min of experiments. The cross-
over point of G’ and G” is then usually considered to be the gelation time [28, 30]. All measure-
ments were replicated 3 times. We also determined the rheological properties of the gels as a
function of frequency in the range between 1 Hz and 10 Hz for 1-day-old gels.
Peptides compound release
Peptide release from gels was estimated using rhodamine labeled CTL (Proteogenix, France).
The purity of CTL-rhodamine was evaluated using an automatic Edman sequencing apparatus
(Applied Biosystems, France). The hydrogels containing a final concentration of 200 μM
CTL-Rhodamine were preparated from 500 μMCTL-Rhodamine stock solution in water. The
protocol was described before in the “Peptides-hydrogels preparation” section. The resulting
hydrogels were incubated at 37°C for 17h in a humidified incubator. For the control gels (gels
without CTL-Rhodamine) water were used to replace peptides. After incubation, 150 μL of
MHmedium were added on the gels. At a given time, 50 μL of supernatant were transferred on
96-well plates for 570 nm fluorescence (spectrofluorimeter Xenius XC, SAFAS, Monaco).
Immediately, another 50 μL of MHmedium were added to the gels to maintain a constant vol-
ume of supernatant. This step was repeated for each delay decided for an analysis. The fluores-
cent peptides released from the gels were quantified for 2 days (37°C, PBS).
Tissue adhesion studies
Tissue adhesion was measured using a force sensor device equipped with a hydrogel holder
(MTS Systems, dynamometre, Lhomargy, DY34, France, using the Testworks software). A tita-
nium disc was attached to a cylindrical probe (10 mm diameter) with commercial cyanoacry-
late glue. The hydrogel (100 μL) was placed on this disc. After 5 min, the gel was pressed either
by another titanium disc (10 mm diameter) alone, or with a piece of attached gingiva of pig
(1 cm2) glued on a support, for 30 min at 37°C with 0.1 mN of normal force. We collected
adhesion data by pulling the probe with a loading rate of 0.3 mm.min-1. All measurements
were performed in triplicate.
Bacterial growth
Prior to each experiment, one bacterial colony of Porphyromonas gingivalis (ATCC strain
33277) was inoculated overnight under strict anaerobic conditions at 37°C with 10 mL of Brain
Heart Infusion (BHI) medium (Sigma Aldrich), supplemented with hemin (5 μg.mL-1) and
menadione (1 μg.mL-1, Sigma Aldrich). The next day, this culture was used to inoculate a sec-
ond preculture (10% vol. of first preculture). The final bacterial suspension used in our
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experiments was a mid-logarithmic phase culture of bacteria with a starting optical density of
0.001 (at 620 nm).
Microbiological tests
Bacterial Viability. The experiment consists in the analysis of the bacterial viability in the
supernatant of the gels. The Alamar Blue cell viability reagent was employed as a bacteria
health indicator (using the reducing power of living bacteria). When the pathogens are alive
with a metabolic activity, they maintain a reducing environment in their cytosol. Resazurin,
the active ingredient of Alamar Blue assay, is a nontoxic, bacterial permeable compound that is
a blue, weakly fluorescent molecule. Living bacteria are able to reduce this molecule to resoru-
fin, a red color, a highly fluorescent molecule (570 nm). The damaged bacteria are not able to
reduce the resazurin. For this test, the gels (with or without CTL) were produced in the 96-well
plate as described previously. The amount of gel per well was similar for all conditions
(100 μL). Then, 100 μL of bacteria suspension (with a OD620 equal to 0.001) was added on each
well. After incubation, the supernatants were transferred into a 96-well plate. Then, 10 μL of
Alamar Blue reagent was added and incubated 3 hours at 37°C. The fluorescence intensity was
then monitored at 570 nm.
Colony formation assay. These assays evaluate the capacity of entrapped CTL to inhibit
bacterial growth in the surrounding media of gels. Each gel is placed in a 96-well plate. 100 μL
of bacterial suspension (prepared as described above) is layered on top of each gel. After 5h
and 24h of incubation, the supernatant of each type of hydrogel was transferred onto an agar
plate. The number of colonies obtained was counted after 24h. The inhibition of colonies num-
ber is represented as a percentage of colonies inhibition: (number of colonies formed from the
peptides gels supernatant / number of colonies formed from gels control supernatant) x 100.
Cytocompatibility tests
Cell culture. A human line of gingival fibroblasts HGF-1 (ATCC CRL 2014) was used in
this study. The cell line was cultured on T-75 culture flasks using culture media supplemented
with 10% (v/v) fetal bovine serum (FBS, Gibco, France) and 1% (v/v) antibiotics containing
penicilin-streptomicin (Gibco). The cells were incubated at 37°C, 95% relative humidity, and
5% CO2.
Leachable Assay. The viability of cells on hydrogels was evaluated according to ISO
10993–5 norm. HGF fibroblasts were seeded into each well of a 96-well plate at a density of
1.104 cells/well. After 24h, the medium was replaced with the gel supernatant (100 μl), and
then incubated for 3 days. After the incubation period, the extract was replaced with 100 μl of
fresh medium containing 10% of Alamar Blue solution. Living cells reduce Alamar Blue
reagent in a red color (570 nm). Cells incubated with pure medium (absence supernatant com-
ing from gels) was used as a positive control (live) and cells exposed to a 70% ethanol solution
were used as a negative control (dead).
Live/Dead observations. The Live Dead Kit (Life Technology, France) is based on a com-
bination of two molecules: the calcein AM and the ethidium homodimer-1 (EthD-1). The poly-
anionic dye calcein AM labels living cells with an intense uniform green fluorescence. EthD-1,
which enters into cells having damaged membranes, provides a bright red fluorescence. Stained
cells were observed under epifluorescence microscope illumination (Nikon Eclipse TE200 with
63x PL APO (1.4 NA) objective equipped with Nikon Digital Camera (DS-Q11MC) and with
NIS-Elements software, Nikon, Japan).
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Results
Hydrogel formation
We first investigated the influence of NaIO4 on the gel formation of AC/PlubisSH (S2 Fig). The
AC concentration was fixed at 0.5 (w/v%) and the PlubisSH concentration was varied. To form
a gel at 37°C, a PlubisSH concentration of at least 16% (w/v) is required both in the presence
and absence of NaIO4. In the absence of NaIO4, no gel is formed below this 16% PlubisSH con-
centration whatever the temperature, whereas in the presence of NaIO4 a gel is observed but
only at higher temperatures. This is due to the cross-linking actions of NaIO4, in both the
chemical reaction and physical gelling. In the subsequent work, we will always use a PlubisSH
concentration of 16% (w/v).
To determine more precisely the gelation time, we performed dynamic rheological measure-
ments where we determined the storage and loss moduli G' and G" (Fig 1).
Taking the equality of G' and G" as gelation marker we found that AC (1% w/v) and AC/
PlubisSH, both supplemented with an oxidation solution, form a gel within the first 2 minutes.
As expected, the AC/PlubisSH appeared much more rigid than the AC gel (1000 Pa for AC/
PlubisSH compared to 2 Pa for AC for G' at 1 Hz).
Hydrogel swelling
S3 Fig shows swelling and mass erosion behaviors of the hydrogels in PBS solution, at 37°C
and at pH 7.4. AC and AC/PlubisSH hydrogels crosslinked with the NaIO4/NaOH are non-
degradable for at least 28 days. A weak mass increase was observed for these two gels over 15
days which can be attributed to swelling. In contrast, in the absence of NaIO4, the AC/PlubisSH
gels started to erode after 12 days. This result shows that the presence of an oxidizing solution
is needed to stabilize the gels over a long period of time, as required for clinical applications.
Adhesion properties
We assessed two interfaces in contact with each side of the gel: titanium/titanium (that repre-
sents implant-abutment connection), and titanium/connective tissue (that represents abutment
or implant junction to gingival soft tissues). Ti6Al4V, commonly used for the fabrication of
dental implants, was used in this study. Pig’s attached gingiva was used to evaluate gel adhe-
sion. As shown in Fig 2, the dissipative energy produced for AC/PlubisSH substrate during
detachment is significantly higher than for AC gel, especially for Ti/gingiva interfaces (4 J.m-2
compared to 10 J.m-2).
Fig 1. Gelation kinetics of the AC and AC/PlubisSH gels. Rheological properties of AC (A) and AC/
PlubisSH (B) hydrogels recorded at a frequency of 1 Hz at a temperature of 37°C (elastic modulus, G’ and
viscous modulus, G”).
doi:10.1371/journal.pone.0145143.g001
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Peptides released from the gels
To follow the release of the CTL, the gels were charged with 200 μM fluorescent CTL-Rhoda-
mine. The delivery of this molecule was monitored for 48h (Fig 3).
The results show that the release takes place at least over 48 hours and that it is greater with
the AC/plubisSH gel compared to the AC one. The quantity released after 48 hours for the AC
or AC/plubisSH gel is about 15 μM and 20 μM respectively. Thus, about 1/10 of peptides ini-
tially loaded into the gels were released after 48 hours. Moreover, we demonstrated in S3 Fig
that these two gels are stable over at least 28 days which indicates that some CTL can be proba-
bly released during several weeks.
Antibacterial activity
Bacteria metabolic activity. The metabolic activity of P. gingivalis was determined after
24 h of incubation by using the Alamar Blue assay. Fig 4A shows that the reducing power of P.
gingivalis cytosol appears to be affected by the peptides released in the supernatant. The bacte-
ria are unable to transform the resazurin in resorufin, indicating that they lost most of their
mitochondrial activity.
Colonies forming. We assessed the capacity of formation of bacterial colonies by display-
ing the 5h and 24h gel supernatants on the appropriate agar plates. After 24 h of incubation,
the number of colonies was counted. 55% inhibition of colonies formation with AC-CTL and
60% inhibition with AC/PlubisSH-CTL for supernatants incubated for 5 hours are observed in
comparison with controls corresponding to similar gels without CTL. For a contact time of
24h, there is a 100% inhibition of colonies formation with AC or AC/PlubisSH gels containing
CTL. In contrast, P. gingivalis present in the supernatant of control gels without CTL are still
able to form colonies (Fig 4B and 4C).
Fig 2. In vitro quantitative adhesion of hydrogels on titanium (Ti) and gingiva. Dissipative energy during
detachment of AC and AC/PlubisSH hydrogels from gingiva is measured after 30 min of contact with the
substrates (Ti/Ti or Ti/gingiva) at 37°C.
doi:10.1371/journal.pone.0145143.g002
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Cellular biocompatibility
The 5h and 24h supernatant solutions (with or without CTL) were kept in contact with the
human gingival fibroblasts (HGF) during 3 days. Cell viability was first quantified using the
Alamar Blue assay. The results show that the supernatants of the two types of gels (with or
Fig 3. Monitoring of CTL released from the gels. Fluorescence spectrophotometry was used to monitor
CTL-Rhodamine released out of AC and AC/PlusbisSH gels over time (MHmedium, 37°C).
doi:10.1371/journal.pone.0145143.g003
Fig 4. Antibacterial activity of gels.Metabolic activity of bacterial supernatant after 24h (A). « Plastic »
corresponds to a negative control, i.e. bacteria in medium on the 96-well plate, without any gel. « Medium »
corresponds to culture media in the 96-well plate without any bacteria or gel. « Antibiotic » corresponds to the
positive control with bacteria in medium with two standard antibiotics (tetracyclin and cefotoxim) as
supplements. The asterisk (*) denotes a statistical difference between the metabolic activity of P. gingivalis
found in the supernatants of AC and AC-CTL gels, (#) indicates a statistical difference between the metabolic
activity of P. gingivalis found in the supernatant of AC/PlubisSH and AC/PlubisSH-CTL (p < 0.05). Inhibition of
colonies forming units (CFU) of the supernatants after 24h of seeding (B and C). These supernatants were
previously removed from the gels respectively after 5h (B) and 24h (C) of seeding. The control used in these
figures (corresponding to 100% CFU) corresponds to colonies on agar plates obtained from supernatant of
AC gel without CTL (Tissue Culture Polystyrene was not used as control because it leads to an homogenous
growth of bacteria without colonies). Error bars represent means ± SD.
doi:10.1371/journal.pone.0145143.g004
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without antimicrobial peptides) are not toxic for the human gingival fibroblasts. Their viability
(100%) is similar to positive control (cells in the presence of culture media) (S4 Fig).
Then, in a second series of experiments to perform a Live Dead assay, the 24h supernatant
solutions of the gels (with or without CTL) were introduced in 96-well plates containing HGF.
After 3 days of contact, the cells were stained with Live Dead kit and observed under a fluores-
cence microscope (Fig 5).
The non-fluorescent calcein is enzymatically transformed in an intensely green fluorescent
calcein for the cells that were in contact with the gels extracts, and also for the cells in the posi-
tive control experiment, where cells were only in contact with culture medium. As negative
controls we brought cells in contact with an ethanol solution. In this case all cells label red.
This indicates that the viability of the fibroblasts is not affected by the presence of gel extracts.
Discussion
The adhesion of mussels in water uses proteins rich in DOPA (3,4-dihydroxy-L-phenylala-
nine), an amino acid bearing a catechol group. In this project, we used a natural polysaccharide,
sodium alginate, modified by catechol groups along the polymer chains. All the gel-forming
components are liquid and can easily be injected with a mixing-syringe on the required sites.
After mixing, gelation takes place rapidly (within two minutes) in the presence of oxidative
reagent (NaIO4). Subsequently, the gels can easily be delivered in a preventive way during abut-
ment and implant connection, or later on surfaces of implant and tissues contaminated with
periimplantitis bacteria. This catechol-modified alginate (AC) has already been proposed for
use in medical applications like treatment of atherosclerotic plaques and has been demon-
strated for its efficiency and absence of pro-inflammatory response [29]. In order to improve
the mechanical robustness of the gel, we also incorporated pluronic F127 functionalized at
both ends with thiol groups (S1 Fig). Pluronic is a commercially available triblock copolymers
often used for medical applications related to physical hydrogel formation at 37°C and at phys-
iological pH [31, 32]. After addition of NaIO4 the catechol groups strongly interact with the
thiol groups to form covalent bonds leading to a covalent network between alginate and pluro-
nics. This is confirmed by demonstrating stability of the gels over more than 21 days at 37°C
and increased mechanical storage modulus G'. Moreover, it appears that the addition of pluro-
nics increases the dissipative energy of detachment of the gel from titanium alloys and even
more from gingiva as it is required for dental applications. This effect originates most probably
Fig 5. Evaluation of cellular biocompatibility of the gels. (A-F) The LIVE-DEAD observations of cells after 3 days of contact with the 24h gel extract
solutions of gels, respectively with AC, AC-CTL, AC/PlubisSH-CTL, ACPlubisSH compared with positive and negative controls. Top pictures in green
represent living cells. Images in the bottom row in red represent dead cells.
doi:10.1371/journal.pone.0145143.g005
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from formation of covalent bonds between catechol moieties from gel with amines, thiols,
imidazoles residues found in the extracellular matrix proteins and carbohydrates of gingiva.
For the first time, we introduced the antimicrobial peptide CTL into the gels (AC and AC/
PlubisSH) with the aim to inhibit P. gingivalis, the most virulent pathogen of periimplantitis
diseases. The CTL antimicrobial peptide was chosen because it is known to be active against a
large variety of pathogens, in particular S. aureus and because it has non-hemolytic properties
[12]. In this study, we showed that it also has activity against P. gingivalis when released from
the gels. More precisely, the antibacterial activity of CTL-based hydrogels was evaluated after
incubation with P. gingivalis. The supernatants of the gels with and without CTL contained a
similar number of bacteria after 24h (S5 Fig). However, the metabolic activity of the pathogens
in contact with the supernatants of the CTL containing gels was strongly reduced (Fig 4A).
This result is in accordance with the incapacity of bacteria found in the CTL-gels supernatant
to form colonies on agar plates. During these experiments, AC-CTL and AC/PlubisSH-CTL
gels exhibited the same antibacterial properties against P. gingivalis.
Our antibacterial tests clearly demonstrate that CTL has a bacteriostatic effect on P. gingiva-
lis. We hypothesize that the positively charged CTL peptides released from the gels adsorb at
the surface of bacteria and block the negatively charged P. gingivalismembrane adhesins. It is
known also that the adhesins help bacteria in obtaining essential nutriments for growth and
survival [33]. In a previous paper by using Surface Plasmon Resonance Spectroscopy it was
demonstrated that human beta-defensin 3 binds to hemagglutinin B, a non fimbrial adhesin
from Porphyromonas gingivalis (Ka = 1.80x10
4) and attenuates a pro-inflammatory cytokine
response [34]. The authors report that the binding of human beta-defensin 3 to hemagglutinin
B may be related to its high cationic charge. In this context, we suppose that cateslytin with its
net positive charge of +5 might also interact with hemagglutinin B.
In our case, blocking the P. gingivalis adhesins (fimbrili or pilli) shows indirectly an inhibi-
tion of mitochondrial enzymatic activity that will block bacteria division [34]. Thus, we suggest
that the mechanism used by the CTL to inhibit the metabolism of P. gingivalis is based on the «
charged lipid clustering model », one of the AMP’s mechanism proposed by Nguyen et al. [35].
In this model, AMP interacts with the lipid membrane to achieve an antimicrobial activity but
without disruption of the membrane.
The biocompatibility of the gels was estimated with human gingival fibroblasts in the pres-
ence of gels supernatant. All gels demonstrate excellent fibroblast proliferation after 3 days of
incubation, indicating no obvious signs of toxicity.
Conclusion
Injection of the AC or AC/PlubisSH gels between implant and abutment or other medical
device would act as a physical preventive barrier, limiting the development of bacteria. More-
over, introduction of CTL in these gels inhibits P. gingivalis development in the surrounding
living environment, controlling virulence factor seeding. The presence of PlubisSH in the gel
enhances mechanical and adhesive properties, making these gels an ideal candidate to manage
peri-implant sites in a preventive way. Further investigations will explore other applications of
these gels and their utility in patient treatments.
Supporting Information
S1 Fig. Chemical structure of the catechol-modified Alginate (A) and the thiolated Pluronic
F-127 (B).
(TIF)
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S2 Fig. Sol-gel transition curve of the gels. Curve without gelling solution (A); and in pres-
ence of oxidation solution (B).
(TIF)
S3 Fig. Mass erosion of hydrogels. Assay conduced in PBS, at 37°C, monitored for 1 month.
(TIF)
S4 Fig. Viability of the human gingival fibroblasts in presence of the 5h and 24h superna-
tant gels solutions. (A) Percentage of cells viability for AC and AC-CTL gels; (B) Percentage
of cells viability for AC/PlubisSH and AC/PlubisSH-CTL gels.
(TIF)
S5 Fig. Evaluation of total number of bacteria found in the supernatant (OD 620 nm). Bac-
terial supernatant is in contact with gel for 24h.
(TIF)
Acknowledgments
We wish to thank Dr. Karen Niederreither for critical reading of the manuscript, K. Benmlih
and C. Bouthier for their support.
Author Contributions
Conceived and designed the experiments: MM SB MN PS PL OE. Performed the experiments:
MM SB MN. Analyzed the data: MM SB VB YHMHMBMN PS PL OE. Contributed reagents/
materials/analysis tools: TG LJ MHMB. Wrote the paper: MM SB LJ PS PL OE.
References
1. Brandl F, Kastner F, Gschwind RM, Blunk T, Tessmar J, Gopferich A. Hydrogel-based drug delivery
systems: comparison of drug diffusivity and release kinetics. J Control Release. 2010; 142(2):221–8.
Epub 2009/11/06. doi: 10.1016/j.jconrel.2009.10.030 PMID: 19887092.
2. Chae JJ, Mulreany DG, Guo Q, Lu Q, Choi JS, Strehin I, et al. Application of a collagen-based mem-
brane and chondroitin sulfate-based hydrogel adhesive for the potential repair of severe ocular surface
injuries. Mil Med. 2014; 179(6):686–94. Epub 2014/06/06. doi: 10.7205/milmed-d-13-00360 PMID:
24902138.
3. Gupta H, Aqil M, Khar RK, Ali A, Bhatnagar A, Mittal G. An alternative in situ gel-formulation of levoflox-
acin eye drops for prolong ocular retention. J Pharm Bioallied Sci. 2015; 7(1):9–14. Epub 2015/02/25.
doi: 10.4103/0975-7406.149810 PMID: 25709330; PubMed Central PMCID: PMCPmc4333635.
4. Ding F, Nie Z, Deng H, Xiao L, Du Y, Shi X. Antibacterial hydrogel coating by electrophoretic co-deposi-
tion of chitosan/alkynyl chitosan. Carbohydr Polym. 2013; 98(2):1547–52. Epub 2013/09/24. doi: 10.
1016/j.carbpol.2013.07.042 PMID: 24053838.
5. Risbud MV, Hardikar AA, Bhat SV, Bhonde RR. pH-sensitive freeze-dried chitosan–polyvinyl pyrroli-
done hydrogels as controlled release system for antibiotic delivery. J Control Release. 2000; 68(1):23–
30. PMID: 10884576
6. Radin S, Ducheyne P, Kamplain T, Tan BH. Silica sol-gel for the controlled release of antibiotics. I. Syn-
thesis, characterization, and in vitro release. Journal of biomedical materials research. 2001; 57
(2):313–20. Epub 2001/08/03. PMID: 11484196.
7. Wang G. Human antimicrobial peptides and proteins. Pharmaceuticals (Basel). 2014; 7(5):545–94.
Epub 2014/05/16. doi: 10.3390/ph7050545 PMID: 24828484; PubMed Central PMCID:
PMCPmc4035769.
8. Wang G, Mishra B, Lau K, Lushnikova T, Golla R, Wang X. Antimicrobial peptides in 2014. Pharmaceu-
ticals (Basel). 2015; 8(1):123–50. Epub 2015/03/26. doi: 10.3390/ph8010123 PMID: 25806720;
PubMed Central PMCID: PMCPmc4381204.
9. Mahata SK, Mahata M, Wakade AR, O'Connor DT. Primary structure and function of the catecholamine
release inhibitory peptide catestatin (chromogranin A(344–364)): identification of amino acid residues
Antibacterial Gel for Prevention of Medical Implanted-Device Infection
PLOS ONE | DOI:10.1371/journal.pone.0145143 December 14, 2015 11 / 13
crucial for activity. Mol Endocrinol. 2000; 14(10):1525–35. Epub 2000/10/24. doi: 10.1210/mend.14.10.
0531 PMID: 11043569.
10. O'Connor DT, KailasamMT, Kennedy BP, Ziegler MG, Yanaihara N, Parmer RJ. Early decline in the
catecholamine release-inhibitory peptide catestatin in humans at genetic risk of hypertension. J Hyper-
tens. 2002; 20(7):1335–45. Epub 2002/07/20. PMID: 12131530.
11. Kennedy BP, Mahata SK, O'Connor DT, Ziegler MG. Mechanism of cardiovascular actions of the chro-
mogranin A fragment catestatin in vivo. Peptides. 1998; 19(7):1241–8. Epub 1998/10/24. PMID:
9786174.
12. Briolat J, Wu SD, Mahata SK, Gonthier B, Bagnard D, Chasserot-Golaz S, et al. New antimicrobial
activity for the catecholamine release-inhibitory peptide from chromogranin A. Cellular and molecular
life sciences: CMLS. 2005; 62(3):377–85. Epub 2005/02/22. doi: 10.1007/s00018-004-4461-9 PMID:
15723172.
13. Akaddar A, Doderer-Lang C, Marzahn MR, Delalande F, Mousli M, Helle K, et al. Catestatin, an endog-
enous chromogranin A-derived peptide, inhibits in vitro growth of Plasmodium falciparum. Cellular and
molecular life sciences: CMLS. 2010; 67(6):1005–15. Epub 2010/01/01. doi: 10.1007/s00018-009-
0235-8 PMID: 20043183; PubMed Central PMCID: PMCPmc2827800.
14. Cado G, Kerdjoudj H, Chassepot A, Lefort M, Benmlih K, Hemmerle J, et al. Polysaccharide films built
by simultaneous or alternate spray: a rapid way to engineer biomaterial surfaces. Langmuir: the ACS
journal of surfaces and colloids. 2012; 28(22):8470–8. Epub 2012/05/05. doi: 10.1021/la300563s
PMID: 22554108.
15. Etienne O, Picart C, Taddei C, Keller P, Hubsch E, Schaaf P, et al. Polyelectrolyte multilayer film coat-
ing and stability at the surfaces of oral prosthesis base polymers: an in vitro and in vivo study. J Dent
Res. 2006; 85(1):44–8. Epub 2005/12/24. PMID: 16373679.
16. Glinel K, Thebault P, Humblot V, Pradier CM, Jouenne T. Antibacterial surfaces developed from bio-
inspired approaches. Acta Biomater. 2012; 8(5):1670–84. Epub 2012/02/01. doi: 10.1016/j.actbio.
2012.01.011 PMID: 22289644.
17. Ben-Nissan B, Choi AH. Sol-gel production of bioactive nanocoatings for medical applications. Part 1:
an introduction. Nanomedicine (London, England). 2006; 1(3):311–9. Epub 2007/08/25. doi: 10.2217/
17435889.1.3.311 PMID: 17716161.
18. Matsuno H, Yudoh K, Hashimoto M, Himeda Y, Miyoshi T, Yoshida K, et al. A new antibacterial carrier
of hyaluronic acid gel. J Orthop Sci. 2006; 11(5):497–504. Epub 2006/10/03. doi: 10.1007/s00776-006-
1059-0 PMID: 17013739; PubMed Central PMCID: PMCPmc2778615.
19. Johnson DW, Clark C, Isbel NM, Hawley CM, Beller E, Cass A, et al. The honeypot study protocol: a
randomized controlled trial of exit-site application of medihoney antibacterial wound gel for the preven-
tion of catheter-associated infections in peritoneal dialysis patients. Perit Dial Int. 2009; 29(3):303–9.
Epub 2009/05/22. PMID: 19458303.
20. Zitzmann NU, Berglundh T. Definition and prevalence of peri-implant diseases. Journal of clinical peri-
odontology. 2008; 35(8 Suppl):286–91. Epub 2008/09/09. doi: 10.1111/j.1600-051X.2008.01274.x
PMID: 18724856.
21. vanWinkelhoff AJ. Antibiotics in the treatment of peri-implantitis. European journal of oral implantology.
2012; 5 Suppl:S43–50. Epub 2012/07/28. PMID: 22834393.
22. D'Ercole S, Tete S, Catamo G, Sammartino G, Femminella B, Tripodi D, et al. Microbiological and bio-
chemical effectiveness of an antiseptic gel on the bacterial contamination of the inner space of dental
implants: a 3-month human longitudinal study. International journal of immunopathology and pharma-
cology. 2009; 22(4):1019–26. Epub 2010/01/16. PMID: 20074465.
23. Besimo CE, Guindy JS, Lewetag D, Meyer J. Prevention of bacterial leakage into and from prefabri-
cated screw-retained crowns on implants in vitro. Int J Oral Maxillofac Implants. 1999; 14(5):654–60.
Epub 1999/10/26. PMID: 10531737.
24. Nayak AG, Fernandes A, Kulkarni R, Ajantha GS, Lekha K, Nadiger R. Efficacy of antibacterial sealing
gel and O-ring to prevent microleakage at the implant abutment interface: an in vitro study. The Journal
of oral implantology. 2014; 40(1):11–4. Epub 2011/05/18. doi: 10.1563/aaid-joi-d-10-00167 PMID:
21574837.
25. Paolantonio M, Perinetti G, D'Ercole S, Graziani F, Catamo G, Sammartino G, et al. Internal decontami-
nation of dental implants: an in vivo randomized microbiologic 6-month trial on the effects of a chlorhexi-
dine gel. Journal of periodontology. 2008; 79(8):1419–25. Epub 2008/08/05. doi: 10.1902/jop.2008.
070660 PMID: 18672991.
26. Xu J, Soliman GM, Barralet J, Cerruti M. Mollusk glue inspired mucoadhesives for biomedical applica-
tions. Langmuir: the ACS journal of surfaces and colloids. 2012; 28(39):14010–7. Epub 2012/09/07.
doi: 10.1021/la3025414 PMID: 22950962.
Antibacterial Gel for Prevention of Medical Implanted-Device Infection
PLOS ONE | DOI:10.1371/journal.pone.0145143 December 14, 2015 12 / 13
27. Lee C, Shin J, Lee JS, Byun E, Ryu JH, Um SH, et al. Bioinspired, calcium-free alginate hydrogels with
tunable physical and mechanical properties and improved biocompatibility. Biomacromolecules. 2013;
14(6):2004–13. Epub 2013/05/04. doi: 10.1021/bm400352d PMID: 23639096.
28. Ryu JH, Lee Y, KongWH, Kim TG, Park TG, Lee H. Catechol-functionalized chitosan/pluronic hydro-
gels for tissue adhesives and hemostatic materials. Biomacromolecules. 2011; 12(7):2653–9. Epub
2011/05/24. doi: 10.1021/bm200464x PMID: 21599012.
29. Kastrup CJ, Nahrendorf M, Figueiredo JL, Lee H, Kambhampati S, Lee T, et al. Painting blood vessels
and atherosclerotic plaques with an adhesive drug depot. Proceedings of the National Academy of Sci-
ences of the United States of America. 2012; 109(52):21444–9. Epub 2012/12/14. doi: 10.1073/pnas.
1217972110 PMID: 23236189; PubMed Central PMCID: PMCPmc3535589.
30. Lee Y, Chung HJ, Yeo S, Ahn C-H, Lee H, Messersmith PB, et al. Thermo-sensitive, injectable, and tis-
sue adhesive sol–gel transition hyaluronic acid/pluronic composite hydrogels prepared from bio-
inspired catechol-thiol reaction. Soft Matter. 2010; 6(5):977–83.
31. Lin HR, Sung KC, VongWJ. In situ gelling of alginate/pluronic solutions for ophthalmic delivery of pilo-
carpine. Biomacromolecules. 2004; 5(6):2358–65. Epub 2004/11/09. doi: 10.1021/bm0496965 PMID:
15530052.
32. Abdullah Al N, Lee H, Lee YS, Lee KD, Park SY. Development of disulfide core-crosslinked pluronic
nanoparticles as an effective anticancer-drug-delivery system. Macromolecular bioscience. 2011; 11
(9):1264–71. Epub 2011/07/01. doi: 10.1002/mabi.201100083 PMID: 21717576.
33. Bahar AA, Ren D. Antimicrobial peptides. Pharmaceuticals (Basel). 2013; 6(12):1543–75. Epub 2013/
11/30. doi: 10.3390/ph6121543 PMID: 24287494; PubMed Central PMCID: PMCPmc3873676.
34. Pingel LC, Kohlgraf KG, Hansen CJ, Eastman CG, Dietrich DE, Burnell KK, et al. Human beta-defensin
3 binds to hemagglutinin B (rHagB), a non-fimbrial adhesin from Porphyromonas gingivalis, and attenu-
ates a pro-inflammatory cytokine response. Immunol Cell Biol. 2008; 86(8):643–9. Epub 2008/08/20.
doi: 10.1038/icb.2008.56 PMID: 18711400.
35. Nguyen LT, Haney EF, Vogel HJ. The expanding scope of antimicrobial peptide structures and their
modes of action. Trends Biotechnol. 2011; 29(9):464–72. Epub 2011/06/18. doi: 10.1016/j.tibtech.
2011.05.001 PMID: 21680034.
Antibacterial Gel for Prevention of Medical Implanted-Device Infection
PLOS ONE | DOI:10.1371/journal.pone.0145143 December 14, 2015 13 / 13
